The genome of influenza A virus consists of eight RNA segments of negative polarity (18, 33) . The 3Ј-and 5Ј-terminal noncoding regions of the genome RNA, consisting of 12 and 13 nucleotides, respectively, are highly conserved among the eight segments, and the two regions are partially complementary to each other, forming a panhandle structure (7, 13, 17, 35, 41) . The 3Ј noncoding regions contain the promoter sequences responsible for genome replication and transcription (12, 14, 16, 21, 23, 34, 38) . By the reverse genetics system, it has been shown that the 3Ј-terminal 26 nucleotides and 5Ј-terminal 22 nucleotides of the NS genome RNA were necessary for packaging of the RNA into virions (23) . A set of eight RNA segments is required for an influenza virus particle to express infectivity. However, the mechanism of assembly or packaging of the RNA segments into an infectious particle remains unknown. Two models have been proposed for the packaging. One is the random-packaging model, in which genome RNA segments are picked up randomly among a pool of eight different RNAs bearing a common packaging signal(s). This is based on the observation that the ratio of infectious viral particles to noninfectious ones is estimated to be as low as 10% (6, 15) and on the calculation that the proportion of infectious particles containing the full complement of eight RNA segments is increased by incorporation of extra RNA segments into virions (20) . Rescue of transfectants containing two NS genes (10) and of reassortants with two copies each of RNA segments 2 and 6 (37) has suggested that an influenza virus particle has the capacity to contain more than eight RNA segments.
A second model depicts selective packaging of each RNA segment into a virion. This is based on the findings that the eight RNA segments are present in an infectious particle in approximately equimolar quantities (24) and that the relative amount of each genome RNA segment in infected cells does not reflect that in virions (3, 40) . Furthermore, the selectivepackaging model has been favored by analyses of defective interfering (DI) preparations of influenza virus, in which the presence of short DI RNAs, with internal deletions in the coding region, is always accompanied by a specific reduction of their progenitor genes (8, (27) (28) (29) 30) .
The influenza A virus mutants Wa-182 and its subclone A3/e-3, which have mutated NS2 nonstructural proteins, produce large amounts of DI particles lacking the PA gene after a single cycle of replication at a high multiplicity of infection (MOI) (30, 32) . The mutated NS2 protein has been shown to be responsible for the preferential replication of DI RNA species derived from the PA gene (PA DI RNAs) which are present in a marginal amount in the virus stock and for the selective suppression of the standard PA gene replication at the step of cRNA synthesis (32) . Furthermore, we observed that the relative amount of DI RNA species of the NS2 mutants was much larger in virions than in infected cells when compared with those of standard genome RNA (32), suggesting that the DI RNAs were preferentially incorporated into virions.
On the basis of these findings, we have attempted to deter-mine the step at which DI RNAs become predominant over the full-length PA gene (PA vRNA) in their transportation pathway in infected cells and to identify the signal(s) which is responsible for competition between the DI RNA and its progenitor RNA segments. Here we show that the PA DI RNAs were preferentially incorporated into virions at the step of virion assembly, so that the packaging of PA vRNA was selectively decreased. Furthermore, by use of a reverse genetics system, we show that the 3Ј and 5Ј nonconserved untranslated regions of the PA gene were responsible for recognition as the selective competitor by the PA DI RNAs.
MATERIALS AND METHODS
Viruses and cells. The NS2 mutants of influenza A virus, A3/e-3 (32) and 182/A-4, are subclones of Wa-182, which contain the mutated NS gene derived from A/Aichi/2/68 virus and the other seven genes derived from WSN/33 virus. These mutants produce a large amount of DI particles lacking the PA gene after a single cycle of replication at a high MOI (30, 32) . The DI particles of A3/e-3 contain two PA DI RNAs (561 and 463 nucleotides) with internal deletions corresponding to residues 205 to 1876 and 208 to 1977, respectively (32) . The DI particles of 182/A-4 contain three PA DI RNAs (438, 432, and 400 nucleotides) with internal deletions from residues 268 to 2062, 185 to 1985, and 150 to 1982, respectively. AwNS/2, used as a wild-type (wt) virus, is also a reassortant containing the wt NS gene of Aichi virus and the other seven genes of WSN virus (32) . This progeny virus grown at a high MOI contains a negligible amount of PA DI RNAs, which are detectable only after amplification by PCR (32) .
MDCK cells were grown in Eagle's minimal essential medium supplemented with 10% fetal calf serum.
Construction of plasmids. Plasmids pPA/CAT and pPB2/CAT contained the coding region of the chloramphenicol acetyltransferase (CAT) gene flanked by the noncoding sequences of the WSN PA and PB2 genes, respectively (see Fig.  5A ). pPA/CAT was made by cloning of the PCR product (36) made with the HindIII fragment of the CAT gene derived from pCM7 (Pharmacia, P-L Biochemicals) as a template and with primers 5Ј-GCGCGCGGATCCCTCTTCGA GCGAAAGCAGGTACTGATTCAAAATGGAGAAAAAAATCACTGGGT ATA-3Ј (3ЈPA/CAT) and 5Ј-GCGCGCAAGCTTAATACGACTCACTATAA GTAGAAACAAGGTACTTTTTTGGACAGTATGGATAGCAAATAGTAG CATTGCCACAATTACGCCCCGCCCTGCCACTCATC-3Ј(5ЈPA/T7CAT). pPB2/CAT was made in a similar way by using primers 5Ј-GCGCGCGGATCC CTCTTCGAGCGAAAGCAGGTCAATTATATTCAATATGGAGAAAAAA ATCACTGGGTATA-3Ј (3ЈPB2/CAT) and 5ЈGCGCGCAAGCTTAATACGA CTCACTATAAGTAGAAACAAGGTCGTTTTTAAACTATTCGACATTAC GCCCCGCCCTGCCACTCATC-3Ј (5ЈPB2/T7CAT). pPA/CAT and pPB2/CAT contained a T7 RNA polymerase promoter upstream and an EarI site downstream of each noncoding sequence, so that viral sense RNA transcripts were generated when the plasmids were digested with EarI, filled in with Klenow fragment, and transcribed with T7 RNA polymerase.
pPA/PB2 and pPB2/PA were constructed by replacing the 5Ј noncoding regions of pPA/CAT and pPB2/CAT, respectively, with that of the other plasmid (see Fig. 5A ). pPA(7PB2 int) contained chimeric noncoding sequences constructed by replacing part of the noncoding regions of pPA/CAT with the corresponding sequences of the PB2 gene (see Fig. 5A ), made by PCR with the pPA/CAT template and primers 5Ј-GCGCGCGGATCCCTCTTCGAGCGAA AGCAGGTCAATTATCAAAATGGAG (3ЈPA/7mut) and 5Ј-GCGCGCAAG CTTAATACGACTCACTATAAGTAGAAACAAGGTCGTTTTTTGGACA GTAT (5ЈPA/3mutT7). All plasmid DNAs used in the present study were partially sequenced from the flanking pUC19 vector sequences to the CAT gene. No deviation from the expected sequences was found.
RNP transfection to MDCK cells. Nucleoprotein and polymerase protein were purified from influenza virus A/PR/8/34 as previously described (34) . A ribonucleoprotein (RNP) complex was prepared by transcribing pPA/CAT, pPB2/CAT, pPA/PB2, pPB2/PA, or pPA(7PB2 int) with T7 RNA polymerase in the presence of nucleoprotein and polymerase protein after the plasmids were digested with EarI and filled in with Klenow fragment as described previously (11). The RNP complex was then transfected into 60% confluent MDCK cells by the DEAEdextran method (11) ; the cells were infected with 182/A-4 at an MOI of 5 PFU/cell 1 h before transfection. After incubation for 15 h at 37ЊC, transfectant viruses produced in the culture medium were purified by centrifugation through a 30% sucrose cushion for 90 min at 35,000 rpm in an SW55 rotor. The purified virions were then treated for 30 min with 1 mg of RNase A per ml on ice, and the virion RNAs (vRNAs) were extracted by acid guanidine thiocyanate-phenolchloroform extraction (4) . The CAT gene constructs incorporated into the virions and the NS RNA segment of transfectant virus were detected by reverse transcription-PCR (RT-PCR) for 25 cycles with the [␥-
32 P]ATP-labeled CAT gene-specific primers 5Ј-CAGTCAGTTGCTCAATGTACCTATAACCAGAC and 5Ј-GAACCTGAATCGCCAGCGGCATCAGCACCTTGTCG and the NSspecific primers 5Ј-GTGACAAAGACATAATG and 5Ј-AGTAGAAACAAGG GTGTTT after reverse transcription of 100 ng of vRNA with Superscript II (Gibco BRL) with the primer 5Ј-AGCAAAAGCAGG. The 32 P-labeled PCR products were analyzed by electrophoresis on a 4% polyacrylamide gel. The radioactivity of the PCR products was measured with a BAS 2000 Bioimaging Analyzer (Fuji Film).
Cell fractionation. MDCK monolayer cells were infected with virus at 10 PFU/cell and incubated at 34ЊC. At 10 h after infection, the cells were treated for 30 min with 3 U of Clostridium perfringens neuraminidase per ml to remove completely virions associated on the cell surface. The cells were harvested by being scraped from a 50-cm 2 culture dish after treatment for 3 min with a mixture of 0.025% trypsin and 0.01% EDTA in phosphate-buffered saline deficient in Mg 2ϩ and Ca 2ϩ . The collected cells were incubated for 10 min in 0.5 ml of ice-cold buffer A (10 mM Tris-HCl [pH 7.5], 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride) and homogenized in a glass Dounce homogenizer on ice after addition of an equal volume of buffer B (0.5 M sucrose and 0.2% Triton X-100 in buffer A). After centrifugation through a 0.5 M sucrose cushion for 10 min at 3,000 ϫ g, the nuclei and cytoplasm were recovered as the pellet and supernatant fractions, respectively. The RNA species in each cell fraction were extracted as described above.
Quantitative analysis of vRNAs. PA vRNAs and PA DI vRNAs in each cell fraction and in the virions were quantified by an RNase protection assay (RPA) with a [
32 P]UTP (30 TBq/mmol)-labeled positive-sense riboprobe, corresponding to nucleotides 8 to 581 of the PA mRNA of Wa-182 (32) . Similarly, for quantitation of NS vRNA and PB2 vRNA, 32 P-riboprobes were transcribed from pNS/14 linearized with NruI, corresponding to nucleotides 1 to 287 of the NS mRNA of Aichi wt virus, and from pPB2/49 linearized with TaqI, corresponding to nucleotides 4 to 392 of the PB2 mRNA of A3/e-3, respectively. The protected RNAs, after digestion with a mixture of RNases A and T 1 , were analyzed by electrophoresis on a 5% polyacrylamide gel containing 8 M urea (32) . The radioactivities of the RNA bands were measured as described above after exposure to an imaging plate for 4 h. In our previous experiments, the linearity of the RPA response was ensured, with an average error of 14.6% (32) .
RESULTS
Quantitation of PA vRNA and PA DI RNAs in infected cells and virions. In our previous study using the NS2 mutant A3/ e-3, we observed that the ratio of the PA genomic RNA (PA vRNA) to the PA DI RNAs in the progeny virions was much smaller than that in infected cells (32) . We reexamined this with the RNA species extracted from cells infected with A3/e-3 at a high MOI and from the virions released. Since the amount of vRNA packaged into progeny virions would reflect the level of intracellular vRNA species synthesized prior to the time of virion assembly, we collected infected cells at 6 h postinfection (p.i.) and virions at 8 h p.i. The PA vRNA and PA DI RNAs in those preparations detected by RPA are shown in Fig. 1 . Although A3/e-3 actually produces two PA DI RNAs (32), they were detected as a single band in an RPA gel because of only a 3-nucleotide difference at the 3Ј deletion site. In infected cells the ratio of PA vRNA to PA DI RNAs was found to be 20% (Fig. 1A , lane C), whereas in virions it was greatly decreased, to 2.3% (lane V). These results were consistent with our previous observation (32) and suggested that at the virion assembly step the PA DI RNA species were preferentially incorporated into virions over the PA vRNA.
Quantitation of PA vRNA and PA DI RNAs in the nuclei and cytoplasm of infected cells and in virions. To determine whether transportation of PA vRNA from the nucleus to cytoplasm in infected cells is affected by PA DI RNA, A3/e-3-infected cells were fractionated into the nucleus and cytoplasm as described in Materials and Methods. We examined the purity of each cell fraction by two procedures. Possible contamination of the cytoplasm in the nuclear fraction was monitored by counting the number of nuclei associated with the cytoplasmic membrane under a phase-contrast microscope. This contamination was evaluated as being less than 9.4% ( Fig.  2A, panel N) . On the other hand, nuclear contamination in the cytoplasmic fraction was evaluated by detecting influenza virus cRNA species in the cytoplasmic fraction by RPA, since the cRNA remains in the nucleus throughout the infection cycle (39) . By cell fractionation, 6.2 and 67.3% of total RNA were recovered as the nuclear and cytoplasmic RNAs, respectively. Figure 2B shows PA cRNA in a poly(A) Ϫ RNA preparation of each cell fraction. Although the PA cRNA species were found in both the nuclear and cytoplasmic fractions, 78.1% of the total cRNA was recovered from the nuclear fraction (Fig. 2B, lane N), while only 21.9% of it was contaminating the cytoplasm (lane C). Figure 3A shows the PA vRNA and PA DI RNAs, in addition to the NS vRNA, in the nuclear and cytoplasmic fractions Ϫ RNA was quantified by RPA with the 32 P-labeled negative-sense riboprobe as described previously (32) . The PA-specific mRNA (419 nucleotides) in 50 ng of cytoplasmic poly(A) ϩ RNA is shown as a size marker (lane Aϩ). Lane P, probe.
prepared at 10 h p.i. and in virions collected at 13 h p.i. These RNA species were quantified three times by using independently prepared RNAs, and the results are summarized in Table 1 . In the nucleus the PA DI RNAs were predominant over the PA vRNA, and the relative amount of PA vRNA compared to PA DI RNAs was less than 10% (Fig. 3A , lane N, and Table 1 ). This was consistent with the finding that in mutant-infected cells, synthesis of PA DI RNAs was greatly enhanced at the late phase of infection, and thereby synthesis of PA vRNA was strikingly suppressed (32) . In the cytoplasm, however, the content of PA vRNA was increased 2 to 5 times over that in the nucleus, although the PA DI RNAs were still predominant over the PA vRNA (Fig. 3A , lane C, and Table  1 ). In contrast, in virions only a small amount of PA vRNA was detected (Fig. 3A , lane V, and Table 1 ). To determine the distribution of the PA vRNA, we calculated the ratios of the PA vRNA contents in the nucleus, cytoplasm, and virions to the sum of the PA vRNA contents detected in infected cells and virions. Similarly, the distributions of PA DI RNA and NS vRNA were also calculated (Table 1) . By 10 h p.i., most of the PA vRNA as well as the PA DI RNAs and NS vRNA was transferred from the nucleus to the cytoplasm. Consequently, it was clear that the nuclear-cytoplasmic transport of the PA vRNA occurred normally. However, only 4% of the PA vRNA was incorporated into virions, whereas a quarter of PA DI RNA and NS vRNA synthesized was incorporated. From these results, we concluded that the small amount of PA vRNA in virions was the consequence of both the decreased synthesis of the PA vRNA in the nuclei of infected cells and the less efficient packaging of the PA vRNA at the virus assembly step at the plasma membrane. We next examined whether the PA DI RNAs of A3/e-3 affect the packaging of the wt PA gene in cells infected with a mixture of A3/e-3 and wt viruses. As shown in Fig. 3B , the PA DI RNAs were synthesized predominantly, and thereby the synthesis of PA vRNA again was greatly affected. The contents of these RNA species in each cell fraction were not significantly different from those in cells infected with A3/e-3 alone. Furthermore, the defect in packaging of the PA vRNA was also observed, so that only a trace amount of PA vRNA was detected in virions (Fig. 3B, lane V-1) . This was in great contrast to the PA vRNA content in the wt virions, although the amount of NS vRNA was almost the same in both (compare Fig. 3B, lanes V-1 and V-2) . These results therefore indicate that the preferential amplification and packaging of the PA DI RNAs of A3/e-3 virus coincided with a striking reduction of the wt PA vRNA in both the replication and packaging processes.
Packaging of other RNA segments of the NS2 mutant. To examine whether the PA DI RNA species affect the packaging of RNA segments other than the progenitor PA vRNA, we also quantified the smallest RNA segment, the NS gene, and another polymerase gene, PB2, of the NS2 mutant and wt viruses. At 10 h p.i. the amounts of NS vRNA of the mutant virus in each cell fraction and in virions were essentially identical to those of wt virus (Fig. 4A) . This was consistent with the result shown in Fig. 3B . Similarly, incorporation of the PB2 vRNA into virions was not significantly different between the viruses (Fig. 4B) . These results suggest that the PA DI RNAs com- Rescue into virions of the transfected chimeric genome-like CAT RNAs containing the untranslated terminal sequences of the PA and PB2 genes. The specific competition between the PA DI RNAs and their progenitor PA gene occurring in the packaging process suggested that a given DI RNA species can recognize the competitor progenitor gene among eight different RNA segments through a specific signal(s) common to the DI RNA and the competitor RNA. We inferred that such segment-specific recognition signal, if any, should be located in the 3Ј and 5Ј untranslated regions, excluding the 3Ј-terminal 12 nucleotides and 5Ј-terminal 13 nucleotides, which are conserved among all eight segments. This seems likely because (i) these noncoding regions are always retained among DI RNA species, although the deletion sites of DI RNAs vary from species to species (19, 28, 29, 32) ; (ii) the PA DI RNA of the NS2 mutant used in the present study lacks approximately 90% of the coding region of the PA gene (see Materials and Methods); and (iii) the untranslated regions provided the packaging signals of RNA segments even when the coding region was replaced with that of the CAT gene (2, 23, 25) or with that of another segment (5, 26, 43) . To verify this possibility, we constructed plasmid DNAs which can synthesize in vitro influenza virus-like CAT RNAs flanked by the 3Ј and 5Ј untranslated regions of the PA (PA/CAT) and PB2 (PB2/CAT) genes, as shown in Fig. 5A . We then examined whether these CAT RNAs are rescued by the NS2 mutant virus possessing the PA DI RNAs after RNP transfection to the infected cells. Because there was no selective pressure to isolate transfectant virus containing the CAT RNA, the rescued CAT RNAs were detected by RT-PCR with 32 P-labeled CAT gene-specific primers and the total vRNA extracted from the purified virions followed by RNase A treatment. In addition, the NS RNA segment of the transfectant virus was simultaneously detected as an internal control for the relative quantity of the rescued CAT RNA by using 32 P-labeled NS-specific primers. From the wt-virus-infected cells, the PB2/CAT and PA/CAT RNAs were rescued with similar efficiencies when compared with each NS RNA segment (Fig. 5B, lanes 1 and 2) . Since these CAT RNAs were detected by RT-PCR, there was a possibility that the PCR products of the CAT RNAs were contaminants of input residual plasmid DNA or free RNP. To exclude this, the PB2/CAT RNA was transfected to cells without virus infection and the culture medium was processed as described above. No PCR product was detected from this sample, as shown in Fig. 5B , lane C. In addition, when the vRNA of helper virus produced from the cells without the CAT RNA transfection was subjected to RT-PCR, only the PCR product of the NS gene was detected (Fig. 5B and C, lanes H) . Consequently, the CAT RNAs detected by the PCR were neither contaminants nor nonspecific reactants. Furthermore, we observed that when the culture media of wt-virus-infected cells after transfection with PB2/CAT and PA/CAT were passaged to new cells after RNase A treatment, CAT activities expressed by the CAT RNAs were detected in the cell lysate by superinfection with the wt virus (data not shown). The results obtained from the RT-PCR and CAT assay revealed that the transfected CAT RNAs were packaged into wt virus particles.
The NS2 mutant, on the other hand, rescued the PB2/CAT RNA as efficiently as did wt virus (Fig. 5C , lane 1) but failed to rescue the PA/CAT RNA (lane 2). These results were reproducibly found in two independent experiments. Since the NS2 mutant virus contains PA DI RNAs, these results suggest that the PA DI RNAs competed with the PA/CAT RNA but not with the PB2/CAT RNA, so that packaging of PA/CAT RNA did not occur. Since nucleotides 13 to 24 and 2176 to 2220 of PA/CAT RNA were entirely different from those of PB2/CAT RNA (19, 31) , as shown in Fig. 5A , these sequences would be involved in discrimination of PA/CAT RNA from PB2/CAT RNA.
We next attempted to identify which site of the noncoding sequences of the PA/CAT RNA is responsible for the specific competition with the PA DI RNA. To do this, we constructed plasmid DNAs which synthesized recombinant CAT RNAs containing the 3Ј PA and 5Ј PB2 noncoding sequences (3ЈPA/ 5ЈPB2) and the 3Ј PB2 and 5Ј PA noncoding sequences (3ЈPB2/ 5ЈPA) (Fig. 5A) . These recombinant CAT RNAs were rescued by wt virus like the PB2/CAT and PA/CAT RNAs (Fig. 5B,  lanes 3 and 4) , demonstrating that the RNA segment possessing the 3Ј and 5Ј noncoding regions each derived from different segments is capable of being packaged into viral particles.
The recombinant CAT RNAs were also rescued by the NS2 mutant virus, although the efficiency was not as high as that of the PB2/CAT RNA (Fig. 5C, lanes 3 and 4) . Interestingly, the CAT RNA containing the chimeric PA noncoding regions, where both nucleotides 13 to 19 and 2213 to 2220 were simultaneously replaced with the corresponding sequences of the PB2 gene [ Fig. 5A , PA(7PB2 int)], was rescued as efficiently as the PB2/CAT vRNA by the NS2 mutant (Fig. 5C, lane 5) . This result implies that the coexistence of those terminal sequences in the PA-specific noncoding regions would be required for recognition as a target of the competitor by PA DI RNA species.
DISCUSSION
In the present study, using the NS2 mutant A3/e-3 of influenza virus, we have shown that production of the DI virus lacking the PA gene was the consequence of suppression of the PA gene occurring in two different steps, vRNA replication in the nucleus and assembly of vRNA segments at the cell membrane. These suppressions were caused in parallel with the preferential amplification and packaging of the PA DI RNA species. Although the suppression of PA vRNA replication occurs primarily at the level of cRNA synthesis (32), this was not lethally strong, since the PA vRNA was still synthesized at one-fifth as much as PA DI RNAs in infected cells (Fig. 1) . In contrast, only a small amount of the PA vRNA was detected in released virions ( Fig. 1 and 3) . These inconsistent proportions of PA vRNA in infected cells and in virions suggest that the striking suppression of the PA vRNA occurs after the vRNA replication step.
It is unlikely, however, that the transport of PA vRNA from the nucleus to the cytoplasm was prevented by the PA DI RNAs. In cell fractionation experiments with NS2 mutantinfected cells, more than 90% of PA vRNA synthesized in the nucleus was detected in the cytoplasm, and only 5% remained in the nucleus (Table 1 ). This revealed that most of the PA vRNA was exported to the cytoplasm. The PA DI RNA and the NS vRNA segment also showed similar behavior. Consequently, it is clear that the nuclear-cytoplasmic transport of PA vRNA took place normally. However, most of the transported PA vRNA was left in the cytoplasm, and only 4% of it was incorporated into virions. This was in great contrast to the packaging efficiency of PA DI RNA and NS vRNA, since about 25% of these RNAs was incorporated into virions (Table 1) . Since 20% of the vRNA of influenza virus synthesized after 4 h p.i. is known to be incorporated into virions (40) , the remarkably low packaging efficiency of the PA vRNA of A3/e-3 is considered to be crucial for the production of DI particles lacking the PA gene.
With respect to the packaging of each RNA segment into virions, two different observations have been reported so far. One is that the content of each vRNA segment in virions correlates with the level of vRNA synthesis in infected cells, suggesting that no selection occurs in vRNA packaging into virions. This was based on the analysis of transfectants containing chimeric NA genes that showed low levels of the chimeric RNAs both in infected cells and in virions (26, 43) . Preferential packaging of the PA DI RNAs of A3/e-3 can be explained by this model. They were synthesized to have a content 0.9 to 2.6 times greater than that of the NS vRNA in infected cells (Fig. 3A) , and their content in virions was approximately 2.5 times greater than that of the NS and NP vRNAs, as found when the 32 P-end-labeled vRNA segments in the A3/e-3 virion were analyzed by polyacrylamide gel electrophoresis (data not shown). These results were consistent with the finding that the PA DI RNA and NS vRNA were packaged into virions with similar efficiencies (Table 1) .
Nevertheless, difference in the proportions of PA vRNA in infected cells and in virions cannot be interpreted without considering regulation at the packaging process. In fact, the efficiency of PA vRNA packaging was six times lower than that for PA DI RNA and NS vRNA ( Table 1 ). Smith and Hay have shown that the relative abundances of vRNAs in infected cells do not reflect the composition of the vRNA segments in virions (40) , suggesting that there is selection in the incorporation of vRNAs into virion. Furthermore, studies of transfectant viruses with the mutated NA genes NA/X and NA/Y show that the NA RNA is synthesized at a low level in infected cells but at a normal level in virions (3). Conversely, for an avian DI virus defective RNA segment 1, vRNA synthesis occurs normally in infected cells, but the packaging of RNA segment 1 was selectively inhibited (8) . Suppression of the PA vRNA of A3/e-3 occurred independently in both the RNA synthesis and the RNA packaging steps. If the packaging of RNA segments of influenza virus is caused only by random selection as described previously (10), such differences should not be observed. Consequently, it is likely that the signals which regulate the vRNA replication are distinct from those responsible for regulating the amount of the vRNA in virions.
In most of DI viruses, DI RNA species specifically interfere with their progenitor RNA segments (1, 8, 27, 30, 32) , although in one case a DI RNA, whose origin was not identified precisely by the sequencing, did not interfere with its progenitor RNA segment but with a different RNA segment (42) . In the case of NS2 mutant A3/e-3, the target of interference was restricted to the PA vRNA segment and did not include other segments, i.e., NS and PB2. Interestingly, from the cells dually infected with A3/e-3 and the wt virus, the DI particle lacking the PA gene was produced again (Fig. 3B) . This indicates that packaging of the wt PA vRNA as well as the A3/e-3 PA vRNA was also specifically affected in the presence of the PA DI RNAs and implies that there is a specific correlation between the target RNA segment and DI RNA species. Although it remains uncertain that the DI RNA species directly suppress the packaging of the target RNA segment, we have inferred that DI RNA species can distinguish the target and competitor RNAs from the other RNA segments through a segmentspecific signal(s) which must reside on individual RNA molecules.
By rescue experiments with the influenza virus-like CAT RNAs, we showed that in the presence of PA DI RNAs, the PA/CAT RNA was not rescued into the NS2 mutant virus but the PB2/CAT RNA was rescued (Fig. 5C ). Since these CAT RNAs were efficiently rescued into the wt virus (Fig. 5B) , it is unlikely that the replication of PA/CAT RNA was decreased in the transfected cells, resulting in the failure of rescue of the PA/CAT RNA into the NS2 mutant virions. Thus, it is conceivable that the PA DI RNAs specifically competed with the PA/CAT RNA and impeded its packaging. The 3Ј and 5Ј noncoding regions of PA DI RNA were identical to those of PA/CAT RNA, while the segment-specific noncoding sequences in the PA/CAT RNA, i.e., nucleotides 13 to 24 at the 3Ј end and 2176 to 2220 at the 5Ј end, were entirely different from those of the PB2/CAT RNA (19, 31) . Consequently, the signal(s) responsible for the specific competition between PA/ CAT RNA and PA DI RNA would reside on the segmentspecific sequences. This was supported by rescue of the chimeric CAT RNAs (Fig. 5C) . Modification of the noncoding regions of PA/CAT RNA resulted in a great difference in the rescue efficiency by the NS2 mutant. The recombinant PA/ CAT RNAs, whose 3Ј or 5Ј noncoding regions were replaced with those of the PB2 gene (3ЈPA/5ЈPB2 and 3ЈPB2/5ЈPA), were rescued, but with a low efficiency. This suggests that the recombinant CAT RNAs containing only one site of the PA noncoding region partially competed with the PA DI RNAs in the NS2 mutant, but the packaging was not strikingly impeded as it was with the PA/CAT RNA. This was consistent with the finding that the deletion of both sites of the nonconserved terminal sequences of NA gene affected RNA synthesis but that the deletion of only one site did not (43) . In contrast, when the terminal 7 or 8 nucleotides of the both PA-specific noncoding regions were simultaneously replaced with those of the PB2 gene, the CAT RNA containing such chimeric noncoding regions, PA(7PB2 int), was rescued efficiently like the PB2/ CAT RNA. The results suggest that coexistence of both terminal sequences on the same RNA molecule is required for recognition as a competitor of PA DI RNAs. Recently, segment-specific noncoding sequences of influenza virus genome RNA have been shown to influence packaging of the hemagglutinin gene into virions (2), NA vRNA synthesis in infected cells (43) , and translation initiation of the M1 protein mediated by the NS1 protein (9, 22) . Therefore, the segment-specific noncoding regions play important roles in replication, expression, and packaging of genome RNAs.
In conclusion, we have shown in the present study that the packaging of DI RNA species into virions resulted in the selective reduction of the packaging of their progenitor vRNA segments and that the 3Ј and 5Ј segment-specific noncoding regions were involved in the specific recognition between the competitor RNA and the DI RNA species. If the packaging of influenza virus genome RNA occurs only by a random process, then the selective decrease of a certain genome RNA segment should not be found in DI viral particles. However, most DI viruses lack an RNA segment corresponding to the progenitor of the DI RNA species. These observations therefore imply that packaging of virus genome RNAs does not occur simply by random selection.
